The use of immobilised TiO 2 for the purication of polluted water streams introduces the necessity to evaluate the eect of mechanisms such as the transport of pollutants from the bulk of the liquid to the catalyst surface and the transport phenomena inside the porous lm. Experimental results of the eects of lm thickness on the observed reaction rate for both liquidside and support-side illumination are here compared with the predictions of a one-dimensional mathematical model of the porous photocatalytic slab.
Introduction
While xed-lm titanium dioxide photocatalysis has been suggested as a very promising technology for water purication [1, 2] , many issues have hindered its application on a commercial scale [3, 4] . The applicability of this technology on a large scale highly depends on the eective utilisation of the photocatalytic surface and the incident radiation ux obtained from either natural or articial sources to destroy the organic pollutants present in the stream. Intimate interaction between the catalyst, pollutants and radiation is necessary for ecient photocatalysis, and this makes the optimization and design of photocatalytic reactors in general a very complex task. The thickness of the catalyst plays an important role in the performance of the reactor. Together with factors such as porosity, total surface area and light absorption coecient it inuences the nal pollutant conversion and the photocatalytic eciency of the system [5, 6, 7] . In slurry reactors investigations of the catalyst concentration [8, 5, 9, 10, 11] have shown that the amount of titania per unit volume of solution directly inuences the radiation distribution and, hence, the photocatalytic activity inside the slurry. As a result, its optimisation is key if the highest possible photon eciency and pollutant conversion are the goal [9, 10, 11, 12, 13] . In a similar fashion, varying the thickness of the titania layer in a xed lm reactor will change both the avail-able catalyst surface and the amount of light absorbed, ultimately aecting the observed rate of reaction and the nal pollutant conversion [14, 15, 12] .
In a reactor conguration where the catalyst is illuminated from the solutionside, here dened liquid-side (LS) illumination following Ray [16] , it can be expected that once the lm thickness has reached a value that allows for almost complete absorption of the incoming photons, any further thickness increase will provide no advantage since the lower layers of the lm will receive little or no radiation and therefore will not be able to contribute to the reaction. A simplied representation of the photon and pollutant uxes for the LS illumination is depicted in Fig. 1A . If the light is introduced from the support-side (SS) (i.e. through the glass-titania interface), the photons and the pollutant uxes have opposite directions and a single optimal thickness value has been proposed to exist rather than a plateau [14] . A clear explanation of this phenomenon was given by Chen et al. [14] considering the generation of hydroxyl radicals and the diusion of pollutants in porous media. If the lm is very thin, the generated charges and hydroxyl radicals are created in an area where the pollutants are abundant. When the lm thickness is increased, up to a certain critical value, the reaction rate will increase due to the increased light absorption and consequent higher production of hydroxyl radicals. However, for lms thicker than this critical value, the observed pollutant conversion will decrease since the radicals will be generated in an area were the reactants will be scarce due to the diusion limitations. The thicker the lm, the greater the separation between the areas with the maximum charge concentration (glass-titania interface) and for commercial applications since in many practical situations the turbidity of the water and the thickness of the uid layer above the catalyst could greatly reduce the UV radiation available for the excitation of the titanium oxide substrate. The optimization of the catalyst thickness is fundamental for the successful migration of this technology from the laboratory to the real world. Knowing its eects on the nal photocatalytic activity will help in 4 the design of more ecient reactors and will facilitate the application of this technology on a large scale. In this paper we present an accurate and validated mathematical model of the photocatalytic activity of porous titania substrates. This will provide a modelling tool that can be used to identify key parameters for the process as well as test various what if scenarios aimed at facilitating device optimisation. In this study, the experimental results obtained from the investigation of the eect of lm thickness on phenol degradation for both LS and SS congurations are compared with the predictions of the mathematical model for the description of the photocatalytic activity of a porous lm. The model developed in this work highlights the inuence of pollutant diusion and advection in the lm, accounts for the lm optical properties through the absorption coecient and uses values of the intervening parameters that have been experimentally derived or are well-established in the literature. The Beer-Lambert law adopted for light modeling is a signicant but eective simplication. If eects due to much higher radiation intensities [5, 17] , internal scattering [5, 17] or just a higher complexity due to the geometry of the reactor are introduced, an eort for the implementation of more complex models might be necessary [5, 18, 12, 19, 20, 21] .
The governing equations are solved numerically using the control-volume method [22] and the degradation curves obtained are directly compared to the experimental results. While this type of study has been proposed by other groups [14, 15, 23] in their work, some major simplications and assumptions were made. The simplication of a concentration prole controlled by an exponential law was adopted by Chen et al. [14] . The dimensionless anal-ysis proposed by Camera-Roda and Santarelli [15] was limited to the porous photocatalytic lm and the inuence of external factors was not considered.
All studies used a simplied linear rate equation where only the concentration of the target pollutant was related to the rate of reaction [14, 23, 15] .
The model proposed here, on the other hand, employs a competitive site Langmuir-Hinshelwood rate equation to describe the photocatalytic activity of the titania lm, and calculates the degradation rate of phenol and its byproducts modelled as a single group of reaction intermediates. The kinetic parameters used here are obtained from a previous study [24] . Importantly, the model developed here uses a dimensionless coecient in order to be able to adopt true kinetic parameters obtained from experimental set-ups that operates in comparable conditions of illumination and UV intensity/spectral range (those should be the most common in photocatalytic applications).
This achievement is key for the practical applications of model presented. Moreover, the model proposed here provides a complete description of the experimental set-up, the eects of external mass transfer on the reactants concentration at the liquid-solid boundary are accounted for, as described in Vezzoli et al. [24] , and have a direct eect on the model equations that describe the porous medium where diusion, light absorption and photocatalytic reaction take place. Finally, the investigation of light and pollutant transport phenomena clearly shows the importance of the physical characteristics of the porous lm (i.e. light absorption constant, kinetic parameters, porosity and morphology) that control the photocatalytic reaction. The model developed could ultimately help in the prediction of the eects that a change to those physical parameters, obtained in the material synthesis phase, will have on 6 the photocatalytic activity of the lm.
Experimental

Experimental setup, photocatalytic experiments and sample analysis
The operation and design of the photocatalytic reactor used in this work is thoroughly described elsewhere [24] . The method and mathematical model used to obtain true kinetic parameters for phenol photocatalytic degradation were also presented in the previous publication. In this work, the same at an average UVA irradiance of 65.3 W m -2 for the SS experiments (i.e. the irradiance reported is the value measured at evaluated at x=L for LS and at x=0 for SS). The UV irradiance reaching the catalyst surface was accurately measured by employing potassium ferrioxalate actinometry and following the method described by Montalti [25] and Murov [26] . The values reported only consider the portion of light that can be usefully employed in titanium dioxide photocatalysis (i.e. λ<388 nm).
The UV radiation was provided by seven NEC FL15BL 15W UVA lamps with an emission spectrum between 310 and 410 nm wavelength (peak output at 365 nm), positioned perpendicularly to the ow direction and held in position by a specially designed support [24] . A constant water ow rate of 5 l min -1 was maintained within the reactor during all experiments with the use of a gear pump (Micropump GC-M35 with Ismatec Drive ISM506).
Stainless steel tubing (3/8 th inch) was used for the connections with a reser-8 voir consisting of a glass vessel with cooling jacket of 3 litres total volume.
A Julabo EF35 cooling unit was connected to the jacket in order to keep the reacting solution at 25°C for the duration of the experiments; a magnetic stirrer was used to ensure that the solution in the reservoir was well mixed.
Instrument grade air (BOC) for conduction band electrons scavenging was supplied at 3 l min -1 through a bubbler situated in the reservoir. The water sampling was performed from the reservoir at regular intervals (15 minutes 
Photocatalytic plates preparation
For both LS and SS illumination, borosilicate glass plates (Schott Borooat 33) were used for supporting the photocatalyst. The area coated with titanium dioxide was maintained constant (215.6 cm 2 ) by using a mask during the spraying process. Before the spraying procedure, the glass plates were soaked in a piranha solution bath (70% sulphuric acid, 30% hydrogen peroxide) overnight and rinsed with MillQ water. A methanol solution of titanium dioxide Degussa P25 (about 0.035 g ml -1 ) was sonicated for 30 minutes and 
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Here k ph (mol m -1 s -1 W -1 ), K ph (m 3 mol -1 ) and C ph (mol m -3 ) are the reaction rate constant, the adsorption equilibrium constant and the concentration of phenol, respectively. Furthermore, k I , K I and C I are the reaction rate constant, the adsorption equilibrium constant and the concentration of the intermediates, respectively, E (W m -2 ) is the UV irradiance and n is a constant that represents the relationship between light and reaction rate. Unless high-pressure lamps or concentrated light are used in the reactor, the rate of reaction is generally found to be rst order with the UV irradiance [27, 17] .
Adopting this approach, the degradation of phenol and its by-products over time can be easily followed by analysing only the phenol concentration and the total organic carbon contained in the solution using simple HPLC and TOC techniques as noted in the previous section. While its the authors'
opinion that the choice of this system of rate equations delivers a grater exibility and a broader applicability to the model due to the way it can deal with the presence of intermediate products, it is also true that it can be simply substituted with any other specic rate equation that the user might deem useful.
The photocatalytic titania lm is modelled here as a one-dimensional porous lm of thickness L attached to a glass support on one side (x=0 ), and being in contact with the uid solution on the other, (x=L), as presented in Fig. 1A and 1B. Noting Eqns.
(2) to (4) the conservation of solution phase species is given by [28] ,
Here ε sol is the volume fraction of the porous lm that is occupied by the solution (composed of water, phenol, reaction intermediates and carbon dioxide),C i (mol m -3 ) is the concentration of species i per unit volume of solution phase
and v 0 (m s -1 ) is the bulk average velocity of the uid in the lm. In Eqns.
(5) to (8), D e,i (m 2 s -1 ) is the eective diusivity of species i in the lm and is given by [29, 7] 
where D ∞ i is the diusion coecient of species i, ε sol the porosity of the catalyst and τ the tortuosity. A value of √ 3 was assigned to the tortuosity as suggested by Froment [30] and Dijkstra [7] while the porosity of the lm was evaluated from FESEM images and estimated to be 0.57. The parameter A in Eqns. (5) to (8) accounts for the fact that in our previous work [24] the regression analysis that was performed to obtain the kinetic parameters (k ph , k I , K I , K ph ) did not explicitly account for the porosity of the lm, the thickness of the lm or for the fraction of incident light actually absorbed by the lm. Our porous lm model, however, does explicitly account for these and it also accounts for both LS and SS illumination conditions. Thus, there exist a discrepancy between the simple model that was applied previously to obtain our kinetic parameters and the current, more sophisticated porous lm model. In order to account for these dierences the following dimensionless 13 multiplier A was included in all reaction rate terms in Eqns. (5) to (8) ,
Here BET is the catalyst surface area per unit mass, typically 55 m 2 g -1 for
Degussa P25 used in this work [31] ,ρ is the density of the material of the four kinetic parameters (4.9 µm thick). It must be stressed that by introducing the parameter A described by Eq. (10) in all rate terms in Eqns.
(5) to (8) , the kinetic parameters calculated on any lm using the method previously reported [24] can now be adopted in the model proposed here to estimate the eects of catalyst thickness on the observed reaction rate. For instance, if a very thick lm was used in the experiments for the evaluation of the material kinetic activity, parameter A will account for the fact that only Conservation of volume within the liquid phase dictates that,
where V i (m 3 mol -1 ) is the partial molar volume of the species i. This equation allows us to remove C H 2 O as an unknown in our model system, given the concentrations C ph , C I and C cd . Dierentiating Eq. (11) with respect to time and substituting Eq. (5) to (8) we may obtain an equation for the velocity, v 0 . In doing this we note that is reasonable to assume that phenol and its byproducts will have a similar diusion coecient (D ph = 0.89 × 10 −9 m 2 s -1 ) [32] and that the diusion coecient for carbon dioxide (1.91Ö10 -9 m 2 s -1 ) [33] is approximately equal to that of phenol. While this could seem a bit farfetched, the assumption can be considered quite reasonable once the very low rate of cd formation and the fact that it does not compete in the rate equations are taken into consideration. Given this we assume that the eec- 
Eq. (12) states that only the oxidative reaction contributes to the development of a velocity eld inside the porous catalyst. In a system where the main ow runs on top and parallel to a microscopically porous slab (Fig.   1A ), we do not expect the external ow eld velocity to signicantly inuence the velocity eld inside the porous material. (Must be noticed that, in the mass balance of Eq. 7, the correct valued was used for the diusion of carbon dioxide).
As commonly adopted in literature [14, 15, 23, 34] , the attenuation of UV light irradiance inside the titania lm will be treated according to the Beer-Lambert law [35] , namely,
where E (W m -2 ) is the UV irradiance at the specic lm depth, E 0 (W m -2 )
is the incoming irradiance, α (m -1 ) is the absorption coecient for the material at the considered wavelength and l (m) is the length of the path travelled by the light inside the absorbing material.
Due to the characteristics of the catalyst, two major assumptions were made; the rst regarding the light incidence angle and the second regarding the light absorption characteristics of the lms. Since most of the photons reaching the titania surface comes from the lamp directly above the point considered, the assumption of a beam perpendicular to the surface is considered reasonable. Furthermore, properly accounting for the scattering eects inside a porous titanium dioxide lm is extremely dicult and can be considered 16 matter for a separate publication. If a system with much higher radiation intensities, or aected by much higher scattering level are adopted [5, 17] or, if a system characterised by a much more complex light path due to the reactor geometry and the catalyst support is adopted [18, 12, 19, 21] , more complex models, like the one here referenced here should be considered [5, 18, 12, 19, 20, 21] . Although polychromatic radiation was used, the model was developed by assuming monochromatic radiation and by adopting the absorption coecient calculated at 365 nm (peak wavelength in the broad lamp emission spectrum).
Eq. (13) will be modied to account for the dierences between the SS illumination, where the maximum irradiance is at the glass/titania interface, and the LS illumination, where the maximum value is at the titania-liquid interface. According to the coordinate system adopted in Fig. 1A and 1B, where the origin is placed at the interface between glass support and titanium dioxide, the length of the path travelled by the light inside the lm, can be dened dierently depending on the light propagating direction. For the SS illumination, the distance travelled by the radiation inside the porous medium, l, will correspond to the coordinate value, x, and Beer-Lambert can be written as,
At this point, all the fundamental equations have been dened and the boundary conditions must be established. At the interface between glass and titanium dioxide, where no exchange of molecules is possible, a zero-ux condition can be imposed for all species so that,
In addition, a no-penetration condition at this boundary gives, v 0 = 0.
On the opposite side of the catalyst lm, where the catalyst is in contact with the ow of water and pollutants running through the reactor, the model that describes the underlying photocatalytic process described so far must be coupled to a stagnant lm model that describes the ux of pollutants across a thin layer of quiescent liquid that forms an interface between the porous lm and the bulk uid. Such thin lm models are common at interfaces where the bulk ow is parallel to a solid surface [28, 36] . By doing this, the oxidation of molecules in the porous lm will directly aect the observed rate of pollutant degradation in the bulk of the uid, where the experimental concentration measurements are taken. Thus, at the x=L boundary we set
where k m,i (m s -1 ) is the mass transfer coecient of phenol and phenol byproducts (assumed here to be equal) and carbon dioxide,
are the concentrations of phenol, intermediates and carbon dioxide in the bulk of the uid and C i | x=L (mol m -3 ) are these same concentrations at the x=L boundary. The bulk concentrations, C i,b , are assumed to be linearly proportional to the concentrations C i | x=L , such that at x=L we may write,
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Here a (m -1 ) is the ratio of the geometric surface area of the catalyst lm to the volume of the reactor, V r (m 3 ), and V tot (m 3 ) is the total volume of solution used for the reaction. The initial condition imposed on the model assume that at t = 0 the lm is in equilibrium with the bulk of the solution and the concentration of phenol, C ph , is the same everywhere, with a specic value of 20 ppm, corresponding to approximately 1252 mmol m -3 of carbon.
Furthermore, the initial concentration of by-products is assumed to be 0.
Thus, at t=0,
and v 0 = 0 (m s −1 ). (22) At this point it might be worth highlighting the importance of external mass transfer in any kind of kinetic modelling applied to xed lm photocatalysis.
Neglecting the mass transfer across the boundary layer at the liquid-titania interface is a very common mistake and can lead to gross miscalculation in the rate of reactions and the obtained pollutant conversions. For example, it was calculated that in the conditions of UV light and initial substrate concentration adopted in this work, with Re 1900, the concentration in the stagnant layer could be safely considered 15-20% lower than that in the bulk of the uid at the beginning of the experiment, with the dierence increasing of roughly another 5-10% as the reaction progresses. As a consequence, it is paramount that the external mass transfer eect is accounted for if a reliable have been dened by Eqns. (16) to (19) with the initial conditions given by Eqns. (20) to (22) .
Solution technique and model parameters
The governing equations presented in Section 3.1 were solved numerically by adopting the control volume technique described by Patankar [22] . Following this method, the catalyst lm was discretised in a 1-D mesh (Fig. 3) with the control nodes equally distributed on the length of the mesh and positioned at the centre of the discrete volumes (∆x); the only exception being points 1 and NJ+1 at the domain extremities where half control volumes (∆x/2) were used. Since the experimental setup provided a very uniform illumination and a very low conversion per pass (<0.2%) the use of a 1-D model was considered an appropriate simplication. The governing equa-20 tions were discretised with respect to space. Time stepping was performed by the ODE15s solver [37] used in the Matlab code written for the numerical solution of the model. In the discretisation of the diusion terms, the grid-point value of the variables C ph , C I and C cd was assumed to prevail throughout the control volume (yielding a so called linear piecewise prole for these variables [22] ). An up-winding scheme [22] was applied to the convective terms in which the value of the concentration of species i at the control volume faces are taken to be equal to the value of the variable at the upwind grid-point. In order for the model predictions to be compared with the results of the experiments described in Section 2.1, the simulations Table 2 . It is important to note that no free parameters have been used in this work and all the values reported in Table 2 have been experimentally established or obtained from appropriate literature.
Results and Discussion
A comparison between model predictions and experimental results for the total phenol conversion is presented in Fig. 4 for LS illumination and in Fig.   5 for SS illumination. In both cases, a good agreement between predicted and measured values can be observed. In Fig. 4 the experimental results with 95% condence intervals for both average thickness and nal phenol conversion values. 23 and photocatalytic activity are strictly related, is representative of a catalyst in which the transport of species in the solution phase is not signicantly limiting the rate of reaction. In addition, in the case of SS illumination (Fig.   5 ), the model predictions match the experimental results well and show that an optimal lm thickness exists at a value of 5 µm.
While the modelling results reported in Fig. 4 and Fig. 5 already provide a good t to the experimental data, two considerations can be made about the parameters used to solve the governing equations ( Table 2 ). The kinetic parameters used so far have all been experimentally evaluated from previous work and, naturally, have an associated condence interval. Secondly, the porosity values were obtained from a graphical analysis of a number of FE-SEM images. While the analysis gave the average reported value of 0.57, it is important to notice that a change in the porosity could signicantly inuence the nal results. In fact, the porosity value appears directly in the diusion terms of the governing equations and in the semi-empirical equation used to calculate the eective diusion of organic materials in the porous structure (Eq. 9). Moreover, as presented by Ni et al. [40] ,the porosity and morphology of the lms will also inuence the light absorption characteristics of the lm.
Analysing available literature Ni and co-authors were able to model, amongst other things, the relationship between the porosity of titanium dioxide lms and the consequent change in their light absorption coecient (i.e. the higher the porosity the lower the light absorption coe.). Additionally, it must acknowledged that the model presents a simplied picture of the transport within the lm. It does not account the possible transport of reactive species like hydroxyl radicals. Their importance in the photocatalytic reaction has been widely recognised [41, 42, 43, 44] but their ability to diuse inside and outside the photocatalytic medium is still under investigation. While proof of this phenomenon has been already reported [41, 45] , especially for gaseous carriers [46] , a reliable and quantitative analysis has not been proposed yet.
By running the proposed model with a range of porosity (ε sol ) values between 0.3 and 0.7, the curves presented in Fig. 6 for LS illumination and Fig. 7 for SS illumination were obtained. In this simulations the light absorption coecient of the hypothetical lms were corrected by applying the trend that could be extrapolated from the literature analysis of Ni et al. [40] . Assigning It can be noted that, given the simplications, the model provides a reliable prediction of the photocatalytic and transport processes inside the material.
From Fig. 6 and Fig. 7 it can be noticed how, depending on the illumination conguration, the change in porosity will aect the photocatalytic activity of the lm. The change in porosity will aect both the diusion of the pollutants in Eqns. (5),(6), (7) , and (9), where the lower the porosity the lower the diusivity, and will also inuence parameter A in (Eq.10) were the surface of the lm is accounted for so that the proper reaction kinetic parameters can be used.
Where LS illumination is employed (Fig. 6 ), it can be noticed that the change in porosity will have an eect on its actual position, but a plateau will always be reached. Lower porosity, with the consequent higher absorption co- ecient, will reach the plateau of maximum conversion at a smaller thickness (3-4 µm); higher porosity and absorption coecients will delay the plateau to higher thicknesses (8-10 µm). When SS illumination is adopted (Fig. 7) , the change in porosity will greatly inuence the conversion obtained at increasing thickness values. In this conguration, the extreme cases of very low porosity (ε sol =0.3) will dictate a very strong light absorption and a very slow diusion of pollutants through the lm from the glass/lm interface to the liquid/lm boundary, moving the optimal catalyst thickness to values close to 1-2 µm and producing a rapid decrease in the obtained photocatalytic degradation if the optimal thickness value is overcome. At increasingly higher porosity values, the optimal thickness value stabilises at approximately 5 µm and, if the thickness is increased over such value ,the decrease in observed pollutant conversion becomes less prominent due to the increased diusivity of the molecule inside the porous media and the lower absorption coecient that will facilitate the activation of catalyst layers closer to the solid/liquid boundary (i.e.ε sol =0.7).
Returning to the porosity value obtained from the lms used for the study (ε sol =0.57) and including the condence intervals on the kinetic values obtained from our previous calculation it can be seen from Fig. 8 that the experimental results fall within the condence interval of the experimentally measured kinetic parameters. This result further conrms the quality of the model adopted the reliability of the porosity evaluation process and the ability of the method proposed in the previous publication [24] to provide intrinsic reaction kinetic parameters.
The ability of the proposed model and the kinetic parameters adopted to This section is concluded by noting that in this particular application, terms in Eqns. (5) to (8) are small (10 -10 to 10 -12 ms -1 ) in comparison to those for diusive transport. This is because the net volume change between reactant and products, embodied in the right-hand-side of Eq. (12), which determines the magnitude of the advection in our lm, is small. Consequently, the model could be further simplied by neglecting advective transport. However, it was chosen not to do so as the model presented is more generally applicable to ow through reacting thin lms. Advective terms could become dominant, for example, if in our reactor the porosity of the lm is increased and/or the bulk ow is directed at a more perpendicular angle with respect to the plane of the lm.
Conclusions
In conclusion, this work conrmed experimentally and mathematically that an optimum catalyst lm thickness does exist for SS illumination arrangements. The optimum value,for the tested lms, is considered to be 5 µm and it is in agreement with that previously estimated by Chen et al. [14] for dip-coated titania lms. This parameter can now be used to design and built 29 ecient photocatalytic reactors that use spray-coated Degussa P25 lms.
The mathematical model composed by Eqns. (5-7, 12) simply relies on the evaluation of the eects of pollutants diusion, light absorption and the rate of photocatalytic reaction to predict the pollutants concentration proles both inside the porous lm and in the bulk of the uid inside a at plate reactor. Very good agreement between experimental and predicted phenol and TOC conversion was obtained for both LS and SS illumination arrangements.
The investigation showed that internal diusion of light and pollutants can become the limiting factor. It must be stressed that the very good general agreement between model and experimental results was obtained without using any free parameter or tting a large number of variables but, instead, only using coecients that were experimentally measured or obtained from well-established literature. As long as they are extrapolated in the correct way, like the one proposed in a previous publication [24] , intrinsic kinetic parameters previously calculated could be used in the porous lm model presented here by using the unitless coef. A of Eq. (10). This means that kinetic data obtained experimentally from lms of any thickness can be now employed to solve the model developed in this work and predict how changes in lm thickness will eect pollutant conversion in the photocatalytic at plate reactor. Moreover, as demonstrated here, the model will be able to predict the eects that an eventual change in lm porosity obtained by changing material synthesis procedures will have on the eective diusivity and light absorption coecient in the lm and, as a consequence, on the nal pollutant conversion and the optimal thickness value.
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